This paper presents an analytical investigation on the excess pore-fluid pressure in a finite seabed layer by taking into account the influence of a compressible pore fluid. The seabed layer is modeled as a poroelastic layer saturated with a compressible pore fluid and resting on a rough, rigid impermeable base. The surface of the poroelastic seabed layer is either completely pervious or completely impervious, and subjected to a normal surface traction induced by offshore structures. The paper presents analytical and numerical results to illustrate the time-dependent behaviour of excess pore pressure in the poroelastic seabed. The results demonstrate that the presence of a compressible pore fluid reduces the generation of excess pore pressure in the poroelastic seabed layer.
Introduction
The modeling and prediction of excess pore pressure in seabed soils based on their mechanical behaviour are essential to offshore geotechnical engineering (Poulos 1988) . The mechanical behaviour of seabed soils is generally a function of the group action of the particles and the interaction among the solid, fluid, and gas. Under the hypothesis that the porefluid phase and pore-gas phase are mixed in one so-called "gasified" fluid (or air-water mixture), partially saturated seabed soils can be regarded as a quasi-two-phase medium: a solid skeleton containing a compressible fluid (Zaretskii 1972) . When loadings are applied to saturated seabed soils (such as clay deposits) by foundations, ground anchors, etc., there is an increase in the pore-fluid pressure. Initially the soil skeleton and structure will undergo an immediate deformation and excess pore pressures will develop. With time, the excess pore pressures will dissipate as pore fluid flows from the regions of high excess pore pressures to the regions of low excess pore pressures. As the excess pore pressures change, gross physical properties of real saturated soil media. However, this theory is a physical and mathematical extension of the classical theory of elastostatics which accommodates the seepage flow described by Darcy's law. This theory provides a simplified description on dominant characteristics of the coupled interaction between the soil skeleton and the pore fluid of saturated soils (Mandel 1953; Cryer 1963) . Furthermore, this theory represents a useful first approximation for the modeling of excess pore pressure in saturated seabed cohesive soils if the loads imparted to soil skeleton and (or) pore fluid lie within the working-load range and do not induce appreciable plastic deformation of soil skeleton and (or) turbulent flow of pore fluid. Using Biot's theory of poroelasticity, this paper presents an analytical investigation on the quasi-static problem of the development of excess pore-fluid pressures in a poroelastic seabed layer and takes into account the influences of a compressible pore fluid. The seabed layer is modeled as a poroelastic medium of finite thickness saturated with a compressible pore fluid and resting on a rough rigid impermeable base. The study focuses on a parametric analysis of the development of excess pore-fluid pressures in the seabed layer whose surface has either free drainage or no drainage and is subjected to a normal surface traction (see Fig. 1 ). These two drainage conditions are the limiting cases that can offer the plausible "extreme estimates" for all the intermediate drainage conditions that can occur at the s~irface of the poroelastic seabed layer.
This class of consolidation problems related to a poroelastic medium of finite thickness has been examined by many investigators including Gibson et al. (1970) , Booker (1974) , Booker and Small (19820, 19820, 1987) , Harnpattanapanich and Vardoulakis (1987) , Sabin and Raman-Nair (1987) , and Sabin (1989) . In all these analytical investigations, however, it was assumed that the pore fluid is incompressible, which is a particular case of the generalized model of compressible pore fluids considered here. This assumption made it impossible to analytically examine the role of fluid co~npressibility on the consolidation response of excess pore pressure.
In recent years, purely computational schemes such as boundary element methods and finite element methods have been developed for the study of the consolidation responses of soils saturated with compressible f l~~i d s (Cheng and Liggett 1984; Cheng and Detournay 1988; and Chang and Duncan 1983) . These numerical schemes, in particular the finite element methods, are powerfill methods and, depending on the degree of sophistication, are capable of describing a variety of saturated soils. Various kinds of inelastic behaviour, nonlinearity, and anisotropy can be incorporated into a finite element analysis, provided that a realistic set of constitutive equ&ions an'd miite>ial parameters can be determined via laboratory or in sitd techfiques. The reliability of these computational schemes can be greatly enhanced by the development of a group of benchmark analytical solutions. Such verified computational schemes can be applied with confidence to the examination of more complex problems involving practical geotechnical situations.Consequently, the objectives of this paper can be summarized as follows: (i) to extend the analytical modeling of excess pore pressure in a poroelastic seabed to include the compressibility of pore fluid; (ii) to present an alternative formulation for the development of analytical solutions governing the consolidation behaviour of a poroelastic layer; and (iii) to provide a group of benchmark results for the development and verification of existing and future numerical schemes.
Governing equations
In the ensuing, a brief account of the governing equations in Cartesian tensor notation is presented. The constitutive equations governing the quasi-static response of a poroelastic medium, which consists of an isotropic poroelastic soil skeleton and a compressible pore.fluid, take the form
where Zij is Kronecker's delta function, p is the pore-fluid pressure, 5, is the volumetric strain in the pore fluid, oij (ij = s , y , z ) is the total stress tensor, ekk is the volumetric strain of soil skeleton, and eij are the soil skeleton strains defined by and ui are the corresponding displacement components. The comma denotes a partial derivative with respect to a spatial variable. In the absence of body forces, the quasi-static equation of equilibrium takes the form where t is time.
The above governing equations are characterized by five independent material parameters that can be represented by the drained and undrained Poisson's ratios v and v,,, respectively, shear modulus p,, Skempton's pore-pressure coefficient B , and K (= kly,,,, where k is the coefficient of permeability and y , is the unit weight of pore fluid) (Rice and Cleary 1976) . In instances where the pore fluid is incornpressible, the short-term "undrained" elastic response of the Can. Geotech. J. Downloaded from www.nrcresearchpress.com by MCGILL UNIVERSITY on 12/03/15
For personal use only. poroelastic medium is characterized by the constraints of v,, = 0.5 and B = 1. When the pore fluid is compressible, the undrained Poisson's ratio v,, and Skempton's pore-pressure coefficient B have values whose limits are -1 < v < v, < 0.5 and 0 < B < 1 , respectively.
Based on the theory of Fourier integral transforms (Sneddon 1972) , it can be shown that the following sets of solution representations exist for the field variables in a linear, isotropic, poroelastic layer of infinite lateral extent, saturated with a compressible pore fluid. Referred to either the temporal domain or the Laplace transform domain and in the cylindrical coordinate systems (r-,8,z) dz where and the hat over a term denotes the Laplace transform with respect to t , and s is the Laplace transform parameter.
By solving the ordinary differential equations, an algebraic solution representation of the field variables in the transform domain can be further obtained in terms of the field variables at the two boundary surfaces of a poroelastic layer, i.e., where 0 I z 5 11, the eight coefficient square matrices A,, A,,, Q,, etc., are nondimensional fi~nctions of y (see Appendix 1).
S~~bstituting z = 0 and z = l z in [lo] , one can fiirther obtain a system of eight independent algebraic equations governing the relations among the 16 boundary variables at the two boundary surfaces of a poroelastic layer, i.e., Can. Geotech. J. Downloaded from www.nrcresearchpress.com by MCGILL UNIVERSITY on 12/03/15
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Consolidation problem
The consolidation problem considered in this paper is related to the time-dependent response of a poroelastic seabed layer subjected to the action of a surface foundation load f(r,0,t). The poroelastic seabed layer is saturated with a compressible pore fluid and is resting on a rough, rigid, and impermeable base (see Fig. 1 ). The surface of the poroelastic seabed is assumed to have either free drainage or no drainage. The initiai reference state is assumed to be stress free, i.e., the analysis focuses on the excess stress states associated with the external loading. Consequently, the boundary conditions are as follows:
( The excess pore pressure p(r,0,z,t) (=p(r,z,t)) induced by the uniform and constant circular load is then expressed by where 0' 5 t < +-, 0 I z 5 h, and 0 5 r < +-.
Nondimensional expressions and limiting results
By introducing the following nondimensional variables, i.e., one can further express the excess pore pressure in the following nondimensional form, i.e., where 0' I T < + w , 0 5 zI I hl, and 0 5 r, < +-.
It is instructive to first examine the limiting cases that pertain to the initial response as t + 0' and the final response as t + +m as well as the limiting response as v + v,.
(1) For the poroelastic layer associated with a permeable surface, one has (2) For the poroelastic layer associated with an impermeable surface, one has [27l lim ko(y, pz, plz) = k,.(pz, ph) Yue (1992) . It was concluded from the numerical verification that the numerical integrations adopted in this study provide highly stable and accurate results in the time domain for the consolidation problems. In the following, attention will be focused on the presentation of a parametric study and numerical results of interest to offshore geotechnical engineering.
Parametric study a n d numerical results In this section, parametric analyses are carried out to examine the time-dependent response of the excess pore pressure in a poroelastic seabed layer saturated with a compressible pore fluid.The time-dependent response of the excess pore pressure can be examined by considering separately the influences of the surface drainage conditions and the five material parameters ( p , K, B, v, v,) as well as the length parameters (a, h). The influence of the three material parameters ( p , K, B) on the excess pore pressure can be analytically examined by using the nondimensional equations [25] and [30] . This is due to the fact that the nondimensional excess pore pressure Po(r,, z,, 1") depends on only the drained and undrained Poisson's ratios (v, v,) and the relative layer thickness h, as well as the surface drainage conditions. Owing to the limitation of space, the presentation will be restricted to the numerical results associated with the conditions where the relative layer thickness is unit, i.e., h, = 1, and the drained and undrained Poisson's ratios are the following, i.e., to obtain a compressive understanding of the time-dependent behaviour of the nondimensional excess pore pressure Po in the parametric study. The conventional time factor ~(=ctln') is utilized in the presentation of the numerical results. It is noted that the conventional time factor T is dependent on the Poisson's ratios v and v,.
The time-dependent behaviour of the nondimensional excess pore pressure in the poroelastic seabed layer due to the constant circular load is plotted in Figs. 2-8 by taking into account the effects of the two extreme surface drainage conditions. From these figures, we make the following observations, i.e.,
(1) For a fixed value of the undrained Poisson's ratio v,, the variation in the nondimensional excess pore pressure with the conventional time factor T is almost-insensitive to the values of the drained Poisson's ratio (see Figs. 2-8) .
(2) For a fixed value of the drained Poisson's ratio, the variation of the nondimensional excess pore pressure with the conventional time factor T indicates the influence of the undrained Poisson's ratio. T h e lower the value of the undrained Poisson's ratio, the lower the magnitude of the excess pore pressure (see Figs. 2-8) .
(3) The nondimensional excess pore pressures are almost equal to zero (less than 0.01) once the time factor T reaches a certain value Tf which is independent on the two Poisson's ratios (v, v,) and the locations (r,, z,) in the poroelastic seabed layer. The values of T, are estimated to be 2 and 30 for the completely permeable and the completely impermeable surface drainage conditions, respectively (see Figs. 2 and 3) .
(4) Initial negative (tensile) excess pore pressures are induced in the exterior region of thd'cylindrical region beneath the constant circular load, i.e., r , > 1 and 0 < z, < 1.
The magnitudes and regions of these negative excess pore pressure increase with the decrease of the undrained Poisson's ratio (see .
(5) For the completely permeable surface condition, the increase of excess pore pressure at the initial time stage, i.e., the Mandel-Cryer effect (Mandel 1953; Cryer 1963) , occurs mainly in the interior region (r, < 1) of the cylindrical region beneath the circular loaded area. For the completely impermeable surface condition, however, this effect occurs mainly in the exterior region (r, > 1) of the circular cylindrical region (see . This additional increase of excess pore pressure at the initial stage decreases with the decrease in the difference of the two Poisson's ratios, i.e., v, -v.
(6) For the completely impermeable surface condition, the excess pore pressure is almost independent of the depth, i.e., the vertical coordinate z,. This phenomenon is particularly evident for the conventional time factor T > 0.1 (see Figs. 4 and 5).
(7) For a completely impermeable surface and for an undrained Poisson's ratio v, = 0.5, the nondimensional excess pore pressures at the initial time T = 0 and at the surface loading centre (r, = 0; z, = 0) are not equal to unity (see Figs. 4e, 4f, 5e, Sf) . In other words, the initial excess pore pressure at the impermeable surface is not equal ti the applied normal pressure p,l(.rra2). This is due to the presence of a rigid rock base beneath the poroelastic seabed layer of finite thickness. If the poroelastic seabed layer is semi-infinite in extent, i.e., h -+ +-, the initial excess pore pressure at the impermeable surface is equal to the applied normal pressure ~, l ( . r r a~) (Yue and Selvadurai 1992) . This result can be independently verified using the definition of excess pore pressure under undrained conditions, i.e., B p = -3 ( a , , + a,, + a,,) and the data given by Poulos and Davis (1974) for a purely elastic layer of either finite thickness or semi-infinite extent. (8) The drainage conditions at the surface of the poroelastic seabed layer h a v e a significant effect o n the Can. Geotech. J. Downloaded from www.nrcresearchpress.com by MCGILL UNIVERSITY on 12/03/15
For personal use only. dissipation rate of the excess pore pressure in the poroelastic seabed layer and, in particular, at the near-surface regions of the seabed layer (see Figs. 2-8 ).
(9) The variations of the nondimensional excess pore pressure Po versus the time factor T are bounded by the results associated with the two sets of Poisson's ratios, i.e., (v, v,) = (0,0.5) and (0, 0.01) (Figs. 2 and 3) . For any other set of Poisson's ratios (0 I v < v, I OS), the variations of Po versus T can be estimated using the results presented in Figs. 2 and 3 .
Based on the above observations, the role of the five material parameters on the time-dependent behaviour of excess pore pressure in a poroelastic seabed layer can be summarized as follows.
( I ) The magnitude of the excess pore pressure increases with the increase of undrained Poisson's ratio v,, and increases proportionally with the increase in Skempton's pore-pressure coefficient B. The values of drained Poisson's ratio v and shear modulus I I . and K (=kly,,,) almost have no influence on the magnitude of the excess pore pressure.
(2) The dissipation rate of the excess pore pressure is determined by the combined effect of the five material parameters, i.e., the generalized coefficient of consolidation c. The total time t, for the almost complete dissipation of the excess pore pressure can be estimated using the following equation:
where T, is dependent on only the relative thickness h , of the poroelastic seabed layer and the drainage conditions at the surface of the poroelastic seabed layer. It can be observed from equation [32] that the total dissipation time t, for the excess pore pressure is directly proportional to the difference between the two Poisson's ytios (v,, -v) and inversely proportional to the values of B-and K .
Conclusions
The time-dependent behaviour of excess pore pressure in a poroelastic seabed induced by a surface-normal load has been examined analytically by taking into account the effect of compressibility of the pore fluid. Based on the above results, it can be concluded that the generation of the excess pore pressure is reduced by the presence of a compressible pore fluid (i.e., smaller values of v, and B) and that the dissipation rate of the excess pore pressure is determined by the generalized coefficient of consolidation, which is a combined effect of the five material parameters describing the characteristics of a poroelastic seabed layer. Furthermore, the group of numerical results presented in the paper can be used as benchmark solutions for the development and verification of purely computational schemes such as finite element and boundary element methods.
Introduction
Large masses of water-saturated rocks moving down a steep slope commonly generate a stream of broken debris which often moves at relatively high speeds over gentle slopes and for unexpectedly large distances (Hsu 1975) . As the rock debris travels, abrasive forces cause changes in the profiles of the rock fragments. The profiles will be angular and rough at the beginning of the debris flow. However, as the debris flow moves down the slope, the profiles become rounded and smooth (Gerber and Scheidegger 1974). The Prinlcd in C:~n:kda I Imprim6 nu C;!nada change in shape of the particle profiles will affect their frictional resistance and thus the distance that the rock debris can travel (Scheidegger 1973) . Morris (1959) studied the influence of the shape (overall form), angularity, and surface texture of rock particles on the angle of frictional resistance mobilized by a mass of these particles when subjected to direct shear stress conditions. Morris discovered that the rougher the profiles of the rock particles, the higher the angle of internal friction between them (Table 1) . Thus, the profile of rock particles had a marked influence on their Can. Geotech. J. Downloaded from www.nrcresearchpress.com by MCGILL UNIVERSITY on 12/03/15
